The novel retinoid 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic acid (AHPN/CD437) inhibits cell proliferation and is a very effective inducer of apoptosis in a variety of carcinoma cell lines. In order to obtain greater insight into the mechanism of AHPN-induced growth arrest and apoptosis, we began to examine AHPN-induced changes in gene expression by cDNA array screening using human lung carcinoma H460 cells. This analysis identified several AHPN-inducible genes, including the immediate-early genes Egr-1 and Nur77. AHPN was able to increase Egr-1 and Nur77 mRNA expression and protein in a variety of carcinoma cell lines. This induction appeared to be regulated at the transcriptional level and was specific for AHPN since an RAR-and an RXR-selective retinoid were inactive. These results suggest that the induction of Egr-1 and Nur77 by AHPN is independent of nuclear retinoid receptors and involves a novel mechanism. Overexpression of Bcl-2, which inhibits AHPN-induced apoptosis but not growth arrest in human T cell lymphoma Molt-4 cells, did not block the induction of immediate-early gene expression. Treatment of H460 cells with AHPN induced activation of the p38 MAP-kinase but not the ERK1/2 signaling pathway. However, inhibition of the ERK1/2 signaling pathway by PD98059 blocked the induction of Egr-1 and Nur77 mRNA while the p38 MAPK inhibitor PD169316 had little effect. Expression of a dominant-negative ERK1 completely abolished the increase in Egr-1 mRNA. Treatment with MAPK inhibitors or expression of dnERK1 reduced but did not block AHPN-induced apoptosis. Our results suggest that the induction of Egr-1 in H460 by AHPN requires active ERK1/2 and is independent of p38 activation. Egr-1, in cooperation with several other growth-suppressor proteins, is likely involved in AHPN-induced inhibition of cell growth and cell death. Cell Death and Differentiation (2001) 8, 411 ± 424.
Introduction
Retinoids play an important role in the regulation of morphogenesis during lung development and in the control of proliferation, differentiation, and apoptosis of airway epithelial cells in vivo as well as in in vitro cell systems. 1 ± 3 It has been demonstrated that retinoids regulate surfactant protein synthesis in alveolar Type II cells 4, 5 and control cellular proliferation, differentiation, and the synthesis of mucins in tracheobronchial epithelial cells. 6 ± 9 The therapeutic value of retinoids in lung disease has been indicated by several studies. Retinoids have been shown to reverse squamous metaplasia and elastase-induced emphysema, 3, 10 promote differentiation in lungs of early infants, 11 and inhibit the formation of second primary tumors in the lung. 12 Many of the biological and molecular effects of retinoids are mediated by nuclear retinoid receptors. 13 These receptors comprise two subfamilies, the retinoic acid receptors (RARs) and retinoid X receptors (RXRs), each consisting of three different genes (a, b and g). RARs and RXRs alter gene expression by binding to specific response elements, RAREs or RXREs, respectively, in the regulatory regions of target genes. RARs and RXRs have been identified in many normal lung and airway epithelial cells as well as in lung carcinoma cells. 8,14 ± 17 The induction of the mucosecretory phenotype in normal tracheobronchial epithelial cells by retinoic acid is associated with an increase in the levels of RARb, suggesting a regulatory role for this receptor in this process. 8, 15 In many lung carcinoma cell lines, the inability of retinoic acid to induce RARb is related to defects in the retinoid signaling pathway and may contribute to the malignant phenotype of these cells. 14,15,18 ± 20 RARb has been shown to mediate the growth-inhibitory effects of RA. The resistance of many lung carcinoma cells to the growth-inhibitory effects of retinoic acid may be due in part to defects in the retinoid signaling pathway.
The actions of a number of retinoids, including 4-(hydroxyphenyl)retinamide and 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic acid (AHPN/CD437), do not involve RARE-or RXRE-dependent transactivation and are not mediated by nuclear retinoid receptors. 18,23 ± 28 AHPN has been shown to be a very effective inhibitor of cell proliferation and to be able to induce apoptosis in a variety of cell lines, including melanoma, lymphoma, mammary and lung carcinoma cell lines. 25 ,27 ± 39 AHPN has been demonstrated to inhibit tumor formation in mice and is able to induce apoptosis in leukemia cells at low concentrations. 29, 33, 40 These results may indicate a potential usefulness of AHPN in chemotherapy. Although AHPN can selectively bind to and activate the RARg receptor, 41 several studies have provided evidence showing that its action is mediated through a unique, yet unknown, mechanism that is independent of the RAR/RXR signaling pathway. 25,28 ± 30 In order to identify genes that are important in the AHPN-induced growth arrest and apoptosis, we employed cDNA-array screening. This screening identified several AHPN-inducible genes most of which are early response genes and genes induced by DNA-damage agents or growth arrest. Egr-1 (Early-growth response gene 1; also named NGFI-A, Krox 24, Zif/268 or TIS8) 42 ± 46 is one of the AHPN-inducible genes identified in this study. Egr-1 is a nuclear phosphoprotein and a member of a C 2 H 2 -type zinc-finger family of transcription factors that control gene transcription by binding to GC-rich regulatory elements in the promoter region of target genes. Egr-1 has been reported to regulate numerous growth regulatory genes, such as c-myc and TGF-b1, and to have an important function in negative growth control. 47 We report that AHPN induces Egr-1 mRNA and protein in several carcinoma cell lines. The growth suppressor function of Egr-1 likely cooperates with other growth-inhibitory proteins in AHPN-induced growth arrest. The induction of Egr-1 by AHPN appears to be regulated at the transcriptional level and occurs through a mechanism that does not involve retinoid nuclear receptors. AHPN caused an activation of MAPK p38 but did not have any effect on the activation of the ERK1/2 signaling pathway. However, we demonstrated that the induction of Egr-1 by AHPN was dependent on activated ERK1/2 but did not require activated p38.
Results

cDNA-array screening
To obtain insight into the mechanism by which AHPN induces growth arrest and apoptosis, we used cDNA array screening to identify AHPN-mediated changes in gene expression. Human lung carcinoma H460 cells were treated with AHPN (2.5 mM) or vehicle. After 8 h incubation, poly(A) + RNA was isolated and used in cDNA-array screening. Egr-1, Nur77, GADD45, MyD118, GAD153, c-jun, c-fos, interferon response factor (IRF)-1, tristetraproline (TTP), and the cdkinhibitor p21 WAF1/Cip1 where among the genes identified by cDNA array screening. Differential expression of the genes was confirmed by Northern blot analysis (Figure 1) . Induction of MyD118, GADD45, Nur77, and cdk-inhibitor p21
by AHPN have been reported previously. 27, 31, 34, 48 It is interesting to note that many of the genes up-regulated by AHPN represent immediate-early response genes and genes induced after DNA damage. 49, 50 Moreover, many of these proteins have been implicated in the regulation of cell growth and apoptosis. 34,47,51 ± 53 In this study, we focus particularly on the characterization of AHPN-induced expression of Egr-1.
Induction of Egr-1 mRNA occurs in many cell lines
The induction of Egr-1 mRNA by AHPN was not limited to lung carcinoma H460 cells. AHPN increased the level of Egr-1 mRNA in lung carcinoma H441 and A549 cells (Figure 2A ), human colorectal carcinoma RKO, and bladder carcinoma T24 cells ( Figure 2B ). In contrast to H460, H441, and A549 cells, untreated lung carcinoma H1355 cells expressed relatively high levels of Egr-1 mRNA that were increased only slightly by AHPN treatment. Egr-1 mRNA levels did not change significantly in Calu-6 cells and mammary carcinoma MCF-7 cells. In H460 cells, AHPN induced Egr-1 mRNA expression at concentrations as low as 0.3 mM (not shown).
In several cell lines, AHPN treatment also increased the expression of Nur77 mRNA ( Figure 2 ). As shown for Egr-1, untreated H1355 cells expressed relative high levels of Nur77 mRNA that increased only slightly after AHPN treatment. Calu-6 cells contained very low levels of Nur77 mRNA and its expression changed little after AHPN treatment. In T24 cells, AHPN increased expression of Egr-1 but not Nur77 mRNA. These results show that in the majority of the cell lines tested, there is a good qualitative correlation between Egr-1 and Nur77 expression; however, in some cell lines the expression of these two genes do not Figure 1 Northern blot analysis of several AHPN-inducible genes identified by cDNA array screening. Human lung carcinoma H460 cells were treated with 2.5 mM AHPN (+) or vehicle (7) . After 8 h, cells were collected and total and poly(A) + RNA isolated. RNA was examined by Northern blot analysis using radiolabeled probes for GAPDH and several differentially-expressed genes (Egr-1, Nur77, GADD153, c-jun, c-fos, TTP, and IRF-1) identified by cDNA array analysis coincide suggesting different mechanisms of regulation in these cells.
Expression of p53 has been reported to enhance the sensitivity to the growth-inhibitory and apoptosis-inducing effects of AHPN. 54 We therefore, examined the effect of p53 on the induction of Egr-1 and Nur77 mRNA by AHPN. As shown in Figure 2B , AHPN was able to induce the expression of these genes in both human fibrosarcoma Ht1080(p53wt) and Ht1080(p53mut) cells 27 which contain wild-type or mutated p53, respectively ( Figure 2B ). These two cell lines are almost equally sensitive to AHPN-induced growth inhibition and cell death (not shown). These results suggest that the increase in Egr-1 and Nur77 expression, the induction cell death, and the inhibition of cell growth do not require p53wt. This is supported by observations showing that AHPN was able to induce Egr-1 and Nur77 mRNA very effectively in H441 cells containing a mutated p53 (Figure 2A) . 27 Comparison between the various parameters revealed that there is not a simple correlation between expression of p53wt, inhibition of proliferation, cell death and the expression of Egr-1 or Nur77 (Table 1) .
Bcl-2, which inhibits apoptosis but not growtharrest, does not block induction of Egr-1 mRNA Previously, we showed that AHPN induces apoptosis in human T cell lymphoma Molt-4 cells. 30 Overexpression of Bcl-2 in these cells resulted in an inhibition of AHPN-induced apoptosis but did not prevent growth-arrest nor the accumulation of cells in the S-phase of the cell cycle. Therefore, we examined the effect of Bcl-2 on the induction of several AHPN-inducible genes. As demonstrated in Figure  3 , AHPN was able to induce the expression of Egr-1, GADD45, GADD153, MyD118, c-fos, and c-jun in both Molt4Hygr and Molt-4Bcl-2 cells. Although Bcl-2 expression had some minor effects on the magnitude of the increase of some mRNAs, the results indicate that their induction is largely independent of Bcl-2 expression and are upstream of Bcl-2. Expression of most of these genes may be involved in growth inhibition as well as cell death and therefore, likely contributes to AHPN-induced growth-arrest in Molt-4Bcl-2 cells. In contrast to H460 cells, Molt-4Hygr cells expressed very low levels of Nur77 mRNA that remained unaltered after AHPN treatment, suggesting that its induction is not required for AHPN-induced growth arrest or apoptosis in these cells.
Time-dependent induction of Egr-1 mRNA and protein
The expression of Egr-1 mRNA was dependent on the length of AHPN treatment. In human lung carcinoma H460 cells, AHPN caused a transient induction of Egr-1 mRNA ( Figure  4A ). The level of Egr-1 mRNA increased within 2 h after the addition of AHPN, reached a maximum between 4 and 8 h, and decreased by 24 h to that of untreated cells ( Figure 4C ). A transient induction was also observed for the expression of Nur77 mRNA ( Figure 4D ). In contrast, in lung carcinoma A549 cells both Egr-1 and Nur77 mRNA expression steadily increased for up to 24 h after the addition of AHPN ( Figure  4B ± D) . The similarities in the time courses of Egr-1 and Nur77 induction suggest similarities in the mechanism by which they are regulated by AHPN.
The induction of Egr-1 mRNA expression in H460 cells by AHPN was associated with an increase in Egr-1 Figure 2 Comparison of the induction of Egr-1 and Nur77 mRNA by AHPN in several human carcinoma cell lines. Cells, treated with 2.5 mM AHPN or vehicle, were collected and total RNA was isolated. RNA (30 mg) was examined by Northern blot analysis using radiolabeled probes for Egr-1 and Nur77. A probe for GAPDH was used as a control. (A) Human lung carcinoma cell lines H441, H460, A549, H1355 and Calu-6 were treated for 8 h with AHPN (+) or vehicle (7). (B) Human fibrosarcoma Ht1080(p53wt) and Ht1080(p53mut), mammary carcinoma MCF-7, colon carcinoma RKO, and bladder carcinoma T24 cells were treated for 16 h with AHPN Induction of Egr-1 is dependent on activated ERK1/2 M Sakaue et al protein ( Figure 5A ). As with Egr-1 mRNA, the induction of the protein was transient. The level of Egr-1 protein increased 4 h after AHPN addition, reached a maximum between 8 and 16 h, and after 24 h, returned back to that of control cells. The time course of the induction of Egr-1 protein followed the increase in Egr-1 mRNA; however, the level of Egr-1 protein was maintained for a longer period of time than that of Egr-1 mRNA, reflecting differences in their half-life (Compare Figures 4C and 5B). An increase in Egr-1 protein was also observed in H441, A549, and H1355 cells. This increase was not always proportional to the level of Egr-1 mRNA indicating possible differences in posttranscriptional control between cell lines ( Figure 5C ). As demonstrated for Egr-1 mRNA, little difference in the amount of Egr-1 protein was seen between AHPN-treated and untreated Calu-6 cells.
Specificity of AHPN action
AHPN has been reported to selectively bind to and activate the RARg receptor. 41 To determine whether the effect of AHPN is mediated through retinoid receptors, the effect of AHPN was compared with those of several other retinoids. As shown in Figure 6 , Egr-1 protein in H460 cells did not increase upon treatment with the retinoid TTAB, which selectively binds to and activates all three RAR receptors, nor did treatment with the RXR-selective retinoid SR11217. These results demonstrate that the induction of Egr-1 and Nur77 mRNA expression is specific for AHPN and suggest that this action is not mediated through RAR/RXR receptors but through a novel mechanism in agreement with previous studies. 25, 29, 30, 34 Many retinoids have been shown to exhibit anti-AP-1 activity. Our results suggest that the increase in Egr-1 expression by AHPN does not involve anti-AP-1 activity since the reportedly anti-AP-1 selective retinoid SR11302 had little effect on Egr-1 protein levels. This was further supported by the demonstration that the RAR-and RXR-selective retinoids, which also exhibit anti-AP-1 activity, were inactive as well.
AHPN regulates Egr-1 mRNA expression at the transcriptional level
Previous studies have reported that the AHPN-induced expression of several genes is related to increased RNA stability. 27, 34, 36, 48 However, in contrast to MyD118, GADD45, and p21, AHPN had little effect on the stability of Egr-1 and Nur77 mRNA in H460 cells (Figure 7 ). These observations are in agreement with the concept that the increase in the expression of these genes is regulated at the transcriptional level.
AHPN-induced activation of MAPK
Several studies have reported a role for MAPKs in the regulation of Egr-1. 55 ± 59 To determine whether the induction of Egr-1 by AHPN involves any of the MAPK signaling pathways, we determined the effect of AHPN on the activation of the ERK1/2 and p38 MAPKs. Figure 8 shows that control H460 cells contained relatively low levels of activated (phosphorylated) p38 and high levels of activated ERK1/2. Treatment with AHPN caused a rapid increase in the phosphorylation of p38 indicating that it is able to activate the p38 MAPK signaling pathway. In contrast, AHPN had little effect on the activation of ERK1/2. AHPN has also been demonstrated to cause activation of p38 MAPK in human myeloid leukemia HL60 cells. 
Induction of Egr-1 by AHPN requires active ERK1/2
To determine the role of p38 and ERK1/2 in the upregulation of Egr-1, H460 cells were treated with AHPN in the presence and absence of the p38 MAPK inhibitor PD169316 or the MEK1 inhibitors PD98059 or U0126. As shown in Figure 9 , inhibition of MEK-1 by either U0126 or PD98059 reduced Egr-1 mRNA expression in both AHPN-treated and control cells. In contrast, inhibition of p38 had little effect on the induction of Egr-1. The MAPK inhibitors had similar effects on AHPNinduced expression of Nur77 mRNA. These observations suggest that activation of the p38 signaling pathway is not involved in the AHPN-mediated increase in Egr-1 and Nur77 expression but that active ERK1/2 is needed for this induction. Neither PD98059 nor PD169316 affected the AHPN-induced increase in GADD45 mRNA expression which was reported to be regulated at the level of RNA stability. 34, 36 However, simultaneous treatment of H460 with PD169316 and U0126 increased the basal level of GADD45 mRNA expression in untreated cells. These results suggest that the induction of GADD45 mRNA by AHPN is independent of ERK1/2 and p38 and appears to involve a mechanism that is different from that regulating Egr-1.
It was intriguing that although AHPN did not enhance the phosphorylation of ERK1/2, inhibition of its activation by U0126 or PD98059 completely abolished the increase in Egr-1 mRNA indicating the importance of activated ERK1/2 in the upregulation of Egr-1. Active ERK1/2 could play a role in the control of Egr-1 at either the transcriptional or -1 se1 ) . After 8 h, cells were collected and RNA was isolated. RNA was examined by Northern blot analysis using a radiolabeled probe for Egr-1, Nur77, and GAPDH. (C) H460 cells were treated as described under A,B 61 (and references therein). Similarly, active ERK1/2 may be needed to maintain the stability of Egr-1 mRNA. However, Figure 10 demonstrates that inhibition of ERK1/2 activation by U0126 had little effect on the stability of Egr-1 mRNA, indicating that active ERK1/2 is likely not required for maintaining the stability of Egr-1 mRNA. These results suggest that active ERK1/2 may be required for the transcriptional activation of Egr-1 by AHPN. A role for ERK1/2 in AHPN-induced Egr-1 expression is further supported by experiments examining the effect of dominant-negative ERK1 expression of the induction of Egr-1 in H460 cells. Figure 11A shows that expression of dominant-negative ERK1 (dn-ERK1) strongly inhibited the induction of Egr-1 and Nur77 mRNA. Expression of dn-ERK1 enhanced the survival of AHPNtreated H460 cells ( Figure 11B) . Likewise, the presence of PD98059 increased survival of AHPN (2.5 mM)-treated cells from 7.2 to 17.3% ( Figure 11C ). The presence of PD169316 had little effect. These results suggest that ERK1/2 can modulate the sensitivity to AHPN.
Discussion
In this study, we identified by cDNA array screening several AHPN-inducible genes encoding proteins that control cell growth and apoptosis. Tristetraprolin (TTP), 62 c-jun, and c-fos belong to a group of immediate-early genes that are induced by a variety of stimuli. 63 TTP binds to AU-rich elements and promotes deadenylation and destabilization of specific RNAs. 64 MyD118, GADD45, Nur77, and cdk-inhibitor p21 have been previously reported to be induced by AHPN. 25, 27, 28, 34, 36 MyD118, GADD45, and GADD153 are induced by a variety of conditions, including DNA-damaging agents, stress, and during terminal differentiation in a number of cell systems. 50, 65 All three genes have been shown to be 51, 52 These and previous results suggest that AHPN-induced growth inhibition results from the increased expression of many growth-suppressor genes. 25, 27, 28, 30, 31, 34, 36, 54, 66 Therefore, these growth-suppressor proteins may cooperate with each other in the inhibition of cell proliferation and the induction of apoptosis by AHPN.
In this study, we have been focusing largely on the regulation of Egr-1 by AHPN. Evidence showing that Egr-1 acts as a suppressor of cell proliferation is accumulating. 47 Egr-1 has been reported to inhibit transformation in a variety of carcinoma cell lines; overexpression of Egr-1 has been demonstrated to reduce DNA synthesis and cell growth, and to induce apoptosis in some cell systems. 47,67 ± 69 In addition, Egr-1 is induced during terminal differentiation in embryonal carcinoma P19 cells, neuronal differentiation in pheochromocytoma PC12 cells, and differentiation in myoblastic leukemia HL-60 cells. The induction of Egr-1 mRNA and protein by AHPN in a number of carcinoma cell lines correlates with its growthinhibitory effects and is in agreement with the growthsuppressive function of Egr-1. Egr-1 has been reported to be significantly repressed in non-small cell lung carcinomas compared to normal tissue and a role for Egr-1 down- Figure 8 Effect of AHPN on the activation of ERK1/2 and p38 MAPKs in H460 cells. (A,C) H460 cells were treated with 2.5 mM AHPN in the presence or absence of the MEK1/2 inhibitor PD98059 or the p39 MAPK inhibitor PD169316. After 2 h incubation, cells were collected and proteins examined by Western blot analysis using antibodies specific for total ERK1/2, phosphorylated (activated) ERK1/2 (*ERK1/2), total p38, and phosphorylated (activated) p38 (*p38) as described in Materials and Methods. (B,D) H460 cells were treated with 2.5 mM AHPN and at the times indicated cells were collected and proteins examined by Western blot analysis for the level of total p38 and ERK1/2, or phosphorylated p38 and ERK1/2 protein Figure 9 Effect of p38 MAPK and MEK1/2 inhibitors on the induction of Egr-1, Nur77 and GADD45 mRNA by AHPN. H460 cells were treated with 2.5 mM AHPN in the presence or absence of the p38 MAPK inhibitor PD169316 (5 mM) or the MEK1/2 inhibitors U0126 (50 mM) (A) or PD98059 (50 mM) (B). After 8 h, RNA was isolated and examined by Northern blot analysis for the expression of Egr-1, Nur77, GADD45, and GAPDH mRNA Figure 10 Effect of the inhibition of ERK1/2 and p38 MAPK on the stability of Egr-1 and Nur77 mRNA. H460 cells were treated with AHPN (2.5 mM) for 8 h before actinomycin D (5 mg/ml) was added. After 30 min cells were treated with the p38 MAPK inhibitor PD169316 (5 mM) or the MEK1/2 inhibitor U0126 (50 mM). At the times indicated RNA was isolated and examined by Northern blot analsyis
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Induction of Egr-1 is dependent on activated ERK1/2 M Sakaue et al regulation in the pathogenesis of lung cancer has been suggested. 70 Although loss of chromosomal region 5q31 containing the Egr-1 locus has been observed in small cell lung carcinoma, no gross alterations (deletions or rearrangements) in the Egr-1 gene were found, suggesting that the decreased expression could be due to changes in the transcriptional control of Egr-1 expression. 70, 71 In this study we show that Egr-1 mRNA and protein were expressed at relatively low levels in most lung carcinoma cell lines but are greatly induced by AHPN. Calu-6 cells are an exception and expressed Egr-1 constitutively while AHPN treatment did not cause a further increase in Egr-1 mRNA or protein levels. These observations suggest an altered mechanism of Egr-1 regulation in Calu-6 cells.
Egr-1 belongs to a group of zinc-finger proteins with specificity for GC-rich DNA-response elements. 47 This family further includes Egr-2 to -4 and members of the Sp-1 subfamily. In a variety of gene promoters, Egr-1 and Sp-1 interact with overlapping binding sites and therefore are able to compete for binding to these DNA elements. In Induction of Egr-1 is dependent on activated ERK1/2 M Sakaue et al several instances, Sp-1 activates transcription whereas binding of Egr-1 inhibits transactivation by Sp-1. Sp-1 increases expression of many growth-stimulatory genes whereas expression of Egr-1 inhibits cell growth, possibly by interfering at least in part with Sp-1 transactivation. The induction of Egr-1 by AHPN would result in changes in the ratio of these proteins and contribute to the mechanism by which AHPN causes growth arrest. It is interesting to note in this context that Sp-1 protein is rapidly degraded in lung carcinoma cells after treatment with AHPN. 72 Therefore, the increase in Egr-1 protein and decrease in Sp-1 may have a synergistic effect on the expression of certain genes and inhibition of cell growth.
The induction of Egr-1 expression can be mediated by p53-dependent and -independent mechanisms. The increase in Egr-1 expression by thapsigargin in melanoma cells was shown to depend on p53. 67 In contrast, ionizing radiation was able to induce Egr-1 and apoptosis in prostate carcinoma PC3 cells lacking p53. 73 Our results show that Egr-1 mRNA is highly induced in human lung carcinoma H441 containing p53mt. Moreover, induction of Egr-1 in fibrosarcoma Ht1080(p53mut) cells containing p53mt was slightly higher than in Ht1080(p53wt) cells. These results suggest that p53 is not required for AHPNdependent induction of Egr-1 and that Egr-1 is controlled by a different mechanism.
Both the p38 and the ERK1/2 MAPK signaling pathways have been implicated in the regulation of Egr-1. 55, 59 Since AHPN induces activation of p38 MAPK in H460 cells, this activation could be causally related to the induction of Egr-1. However, the p38 MAPK inhibitor PD169316 did not prevent the induction of Egr-1 by AHPN indicating that activation of p38 MAPK is not required for the induction of Egr-1 ( Figure 12 ). In contrast, while AHPN treatment did not cause activation of ERK1/2, inhibitors of the activation of the ERK-signaling pathway blocked the increase in Egr-1 and Nur77 mRNA, suggesting that active ERK1/2 is required for the induction of Egr-1. This conclusion is supported by observations showing that expression of a dominant-negative ERK1 also blocked the induction of Egr-1 mRNA. MAPKs have been reported to regulate gene expression at the transcriptional level through activation (phosphorylation) of transcription factors or by affecting the stability of specific mRNAs 61 (and references therein). Our results show that inhibition of ERK1/2 activation does not effect the stability of Egr-1 mRNA, indicating that active ERK1/2 is not needed to maintain the stability of Egr-1 mRNA but is likely required for the transcriptional regulation of Egr-1 by AHPN. Possibly, both transcriptional factors activated by ERK1/2, such as Elk-1, as well as signals generated by AHPN are essential for the AHPN-dependent induction of Egr-1 mRNA and affect the sensitivity of cells to AHPN growth inhibition ( Figure 12 ). It is interesting to note that the ERK1/2 signaling pathway has been implicated in the induction of Egr-1 in several other cell systems, including hypoxia-exposed monocytes, 57 nitric oxide-treated endothelial cells, 74 and growth hormonetreated preadipocytes. 58 Several studies have demonstrated that AHPN acts through multiple mechanisms. 25,28,34 ± 36,72 AHPN was originally reported as a synthetic retinoid that selectively binds and activates the nuclear retinoid receptor RARg 75 and at least some of AHPN-dependent changes in gene expression are likely mediated through this signaling pathway ( Figure 12 ). However, AHPN-induced growth arrest, apoptosis, and the induction of several immediateearly genes, including Egr-1 and Nur77, appear not to involve nuclear retinoid receptors. This is supported by observations showing the lack of a correlation between the expression of RARg and the growth-inhibitory effects of AHPN. 15,27 ± 31 The growth of small cell lung carcinoma and leukemia cells that do not express RARg is effectively inhibited by AHPN. In addition, RAR and RXR-selective retinoids do not induce growth arrest or Egr-1 and Nur77 expression indicating that these effects are highly specific for AHPN. These results are in agreement with previous studies indicating that the action of AHPN is mediated by a novel mechanism. However, it cannot be ruled out that in certain cell lines binding and activation of RARg either contributes to or modulates the growth-inhibitory action of AHPN.
Recent studies have demonstrated that AHPN can have a dramatic effect on the stability of certain mRNAs. AHPN causes an 8 ± 10-fold increase in the stability of MyD118 and GADD45 mRNA 34, 36 and the induction of p21 mRNA by AHPN has also been shown to be largely controlled at the level of its stability. 48 However, in H460 cells AHPN had little effect on the stability of Egr-1 and Nur77 mRNA suggesting that the AHPN-induced expression of Egr-1 and Nur77 is at least in part regulated at the transcriptional level. Our results also demonstrate that up-regulation of Egr-1 and Nur77 by AHPN does not always occur in parallel. For example, AHPN induced Egr-1 expression in T24 and Molt-4Hygr cells while it did not have any effect on Nur77 mRNA expression, suggesting that in these cells Nur77 and Egr-1 expression are regulated differently. As shown in Table 1 , there are no simple correlations between the expression of p53, Egr-1, and Nur77 and the induction of apoptosis and growth arrest.
Induction of apoptosis by AHPN is associated with increased caspase-3 activity. 28, 34 Expression of Bcl-2 greatly inhibits caspase activation and apoptosis in T cell lymphoma Molt-4 cells but has only little effect on the growth-inhibitory action of AHPN. In this study, we show that expression of Bcl-2 inhibits neither the induction of Egr-1 nor that of several other immediate-early genes ( Figure  12 ). The caspase inhibitor ZVAD.fmk greatly inhibits DNAfragmentation but affects neither AHPN-induced growth inhibition 34 nor Egr-1 and Nur77 expression (Sakaue M, and Jetten AM, not shown). These results demonstrate that induction of Egr-1 occurs independently of caspase activation and Bcl-2 expression. It is difficult to determine the precise role of Egr-1 in growth arrest and apoptosis since AHPN induces many genes that with similar functions. Previous studies indicated possible differences in the mechanism by which AHPN causes growth arrest and apoptosis. 30 A recent study demonstrated that AHPN can disrupt mitochondrial potential in isolated mitochondria, suggesting that the induction of apoptosis by AHPN may not require de novo protein synthesis. 33, 76 Another study reported that translocation of Nur77 from the nucleus to mitochondria plays a critical role in the dissipation of mitochondrial potential induced by a variety of apoptotic signals, including AHPN. 77 Possibly immediate-early proteins are not an absolute requirement but influence the sensitivity to AHPN induced cell death and growth arrest, as has been demonstrated for p53. 54 In summary, we demonstrate that AHPN induces a cascade of changes in immediate-early genes that resembles those reported for DNA damage agents and stress. AHPN-induced growth arrest, and in many cell lines apoptosis, is associated with an increase in the expression of many genes, including Egr-1 and Nur77, that regulate proliferation and apoptosis. Table 1 suggests that there is no simple correlation between cell death, inhibition of cell proliferation, and expression of Egr-1, Nur77 and p53. It is likely that all these proteins are involved in some degree in AHPN-induced growth arrest and apoptosis, however, their importance and contribution may vary among cell lines and be obscured by the expression of other genes. The induction of Egr-1 and Nur77 by AHPN appears to be transcriptionally regulated and mediated by a novel mechanism that does not require retinoid nuclear receptors ( Figure 12 ). Although we demonstrate that AHPN induces activation of p38 but not ERK1/2 MAPK, the induction of Egr-1 and nur77 requires activated ERK1/2 and not activated p38. Expression of dnERK or the presence of PD98059 enhances the survival of AHPN-treated H460 cells. This reduced responsiveness may in part be due to the diminished induction of growth suppressor genes, such as Egr-1. These results suggest that ERK1/2 can modulate the cell's sensitivity to AHPN.
Materials and Methods
Materials
The retinoid 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic acid (AHPN, also referred to as CD437) was described previously 75 
Cell culture
The human lung adenocarcinoma cell lines NCI-H441 and NCI-H460, alveolar carcinoma A549, anaplastic carcinoma Calu-6 and the human mammary cancer cell line MCF-7 were obtained from American Type Culture Collection (Rockville, MD, USA). The human lung adenocarcinoma NCI-H1355 cells were provided by Dr. A Gazdar (Austin, TX, USA). Human T cell lymphoma Molt-4Hygr and Molt-4-Bcl2 were described previously. 30, 80 The human fibrosarcoma cell line Ht1080, a variant Ht1080 containing a mutant p53, and the human colorectal cancer cell line RKO were obtained from Dr. Gloria Preston (NIEHS). The human bladder cancer cell line T24 was obtained from Dr. T Eling (NIEHS). All cell lines, except for Ht1080 and RKO, were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units penicillin and 100 mg streptomycin. The Ht1080 and the RKO cells were grown in Dulbecco's modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum. All cells were Mycoplasma free and were cultured under the condition of 5% CO 2 humid air at 378C.
Expression of dominant-negative ERK
The expression vector pCMV-dnERK, encoding a dominant-negative form of ERK1 MAP kinase, was obtained from Dr. R Khosravi-Far. H460 cells were plated in 6-well dishes (2610 5 cells per well) 16 h prior to transfection. PCMV-dnERK or the neomycin phosphotransferase (neo) gene expression plasmid (pCB6) was transfected into cells using 1,3-di-oleoyloxy-2-(6-carboxy-spermyl)-propylamide (DOSPER, Roche) as directed by the manufacturer's protocol. Twenty-four hours after transfection, cells were treated with G418 (Gibco, 500 mg/ml) to Cell Death and Differentiation Induction of Egr-1 is dependent on activated ERK1/2 M Sakaue et al select for neomycin-resistant cells. H460 cells expressing dnERK or neo gene only are referred to as H460-dnERK and H460-neo, respectively. Detailed characterization of these cell lines will be described elsewhere.
cDNA-array analysis
Human lung carcinoma H460 cells were treated with 2.5 mM AHPN or vehicle (DMSO) for 8 h. Total RNA was isolated using Tri-Reagent (Sigma, St. Louis, MO, USA) according to the manufacturer's protocol. Poly(A) + RNA was subsequently prepared by PolyAtract (Promega) and treated with DNase I. Analysis of the Atlas cDNA Expression Arrays (Clontech) was carried out according to the manufacturer's directions. Briefly, RNAs were reverse-transcribed using MMLVreverse transcriptase in the presence of [a-
32 P]dATP. The radiolabeled cDNA probes were hybridized overnight to Atlas cDNA Array membranes in ExpressHyb hybridization solution (Clontech). After washing in 0.16SSC plus 0.5% SDS at 688C, membranes were subjected to autoradiography at 7708C. Differentially expressed cDNAs were confirmed by Northern blot analysis.
Northern blot analysis
Total RNA (30 mg) or poly(A) + RNA (2 mg) was separated by electrophoresis on a formaldehyde 1.2% agarose gel, blotted to a Nytran Plus membrane (Schleicher & Schuell, Keene, NH, USA), and UV-crosslinked as described previously. 30 Hybridizations were carried out for 1 ± 2 h at 688C using QuikHyb 2 reagent (Stratagene, La Jolla, CA, USA), blots were washed twice with 26SSC, 0.05% SDS for 15 min at room temperature and subsequently with 0.56SSC, 0.1% SDS at 658C for 30 min. Autoradiography was carried out with Hyperfilm-MP (Amersham) at 7708C using double intensifying screens. The cDNA probe for Egr-1 used in Northern analysis was obtained through differential display. 34 The cDNA probe for Nur77 was obtained from Dr. C Chang, (Glaxo Wellcome, NC, USA). A 1.26 kb fragment of the chicken glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) was used as a control probe.
RNA stability assay
H460 cells grown for 8 h in the presence or absence of 2.5 mM AHPN were treated with actinomycin D (5 mg/ml) and, at different time intervals, cells were collected and RNA isolated. For RNA stability assay, total RNA from AHPN-treated cells and poly(A) + RNA from control H460 cells were examined by Northern blot analysis using radiolabeled probes for Egr-1, Nur77, or GAPDH. Hybridization signals were quantitated with a PhosphorImage analyzer (STORM 860; Molecular Dynamics, Sunnyvale, CA, USA) using ImageQuant software (Molecular Dynamics).
Western blot analysis
Cells were washed in PBS and then collected in sample buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 10 mM DTT, 1 mM phenylmethylsulfonyl fluoride, aprotinin, and leupeptin) and phosphatase inhibitor mixture I and II (Sigma). Proteins were examined by Western blot analyses. Primary antibodies against Egr-1 and ERK1/2 were purchased from Santa Cruz Biotechnology (San Diego, CA, USA). Antibodies against phospho-p44/p42 ERK1/2, phospho-p38, and p38 were obtained from New England Biolabs (Beverly, MA, USA). Peroxidase-conjugated anti-goat or anti-rabbit IgG from Chemicon (Temecula, CA, USA) was used as secondary antibody.
Antibodies were diluted in PBS containing 1 or 5% milk powder and 0.05% Tween 20. Detection was carried out using Super Signal Chemiluminescent Substrate; Luminol and Peroxide were purchased from Pierce (Rockford, IL, USA).
